The peroxisome proliferator-activated receptor  (PPAR) belongs to the nuclear hormone receptor superfamily and regulates gene expression upon heterodimerization with the retinoid X receptor by ligating to peroxisome proliferator response elements (PPREs) in the promoter region of target genes. Originally, PPAR was identified as being essential for glucose metabolism. Thus, synthetic PPAR agonists, the thiazolidinediones (TZDs), are used in type 2 diabetes therapy as insulin sensitizers. More recent evidence implied an important role for the nuclear hormone receptor PPAR in controlling various diseases based on its anti-inflammatory, cell cycle arresting, and proapoptotic properties. In this regard, expression of PPAR is not restricted to adipocytes, but is also found in immune cells, such as B and T lymphocytes, monocytes, macrophages, dendritic cells, and granulocytes. The expression of PPAR in lymphoid organs and its modulation of macrophage inflammatory responses, lymphocyte proliferation, cytokine production, and apoptosis underscore its immune regulating functions. Moreover, PPAR expression is found in tumor cells, where its activation facilitates antitumorigenic actions. This review provides an overview about the role of PPAR as a possible therapeutic target approaching major, severe diseases, such as sepsis, cancer, and atherosclerosis.
PPAR-DEPENDENT ANTI-INFLAMMATORY MECHANISMS
Inflammatory conditions typify the host's response to external challenges, or cellular injury causes activation of diverse inflammatory mediators to modify tissue structure and function. A prolonged inflammatory state with the release of proinflammatory cytokines and reactive oxygen species (ROS) from activated leukocytes can, in turn, destruct tissue, thereby contributing to the pathogenesis of many disease states [1, 2] . Therefore, attention is being paid to factors that operate as negative regulators of inflammatory responses. Recently, peroxisome proliferator-activated receptor  (PPAR; NR1C3), a member of the nuclear receptor superfamily, has been demonstrated to provoke and mediate antiinflammatory signaling [3] . Originally, it was identified as a key regulator of adipocyte differentiation [4] and glucose metabolism [5] . PPAR acts as a transcriptional activator of many adipocyte-specific genes In response to its SUMOylation (Su) , PPAR inhibits proteasomal degradation of the NCoR/HDAC3/TLB1/TLBR1 complex, which in turn would allow NF-B-dependent proinflammatory gene expression. (D) Besides these three mechanisms of transrepression, PPAR inhibits MAPK to attenuate downstream signaling, which is necessary to induce proinflammatory gene expression. (E) Finally, activated PPAR is assumed to inhibit PKC translocation, thereby attenuating NADPH oxidase activation. In C and E, heterodimer formation with RXR is not required.
of IL-4, a cytokine important for the development of T H 2 cells [31] , can provide a potential PPAR-specific ligand through up-regulation of the 12/15 lipoxygenase in monocytes [32] . This enzyme produces 13-hydroxyoctadecadienoic acid (13-HODE), which in turn suppresses the production of IL-4 in monocytes. Furthermore, 13-HODE can be taken up by T cells to activate PPAR, thus promoting a T H 2 effector phenotype, where PPAR is highly expressed [32, 33] . These observations suggest that PPAR may contribute to the anti-inflammatory activities of IL-4 and that full proinflammatory activities require down-regulation of PPAR. Previous results demonstrated that the inhibitory effects of the PPAR agonist rosiglitazone upon LPS and IFN stimulation are PPAR dependent when the drug is used at concentrations close to its binding affinity. At high concentrations, the inhibitory effects are PPAR independent and probably mediated, at least in part, by the unspecific activation of PPAR [34] .
Further, PPAR plays a crucial role in autoimmune diseases, such as multiple sclerosis. Th17 cells provide protection towards (certain) infections, but more importantly, these cells have been linked to the development of autoimmunity. Th17 differentiation critically depends on transforming growth factor  (TGF), together with proinflammatory cytokines like IL-6 or IL-21. Thus, PPAR blocks TGF/IL-6-dependent expression of the retinoid receptor-related orphan receptor t (RORt), the key transcription factor for Th17 differentiation, making them more amenable to pharmacological modulations [35] .
PPAR AND SEPSIS
In the course of sepsis, one of the most severe inflammatory processes, PPAR acts as a double-edged sword. On the one hand, by attenuating NF-B transactivation, PPAR inhibits cytokine expression of, for example, TNF or IL-12[36], the expression of vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) [37] . Moreover, the expression of the inducible proinflammatory proteins, cyclo-oxygenase-2 [15] , cytosolic phopholipase A2, and inducible nitric oxide synthase (iNOS) [8] , are blocked [38, 39] . In vivo studies showed that administration of the PPAR agonist 15-deoxy- 12,14 -prostaglandin J2 (15d-PGJ 2 ) prior to polymicrobial sepsis reduces lung injury and neutrophil trafficking to the lung and small intestine [40] . 15d-PGJ 2 enhances PPAR functions in the lung, decreases NF-B activity, and promotes expression of the cytoprotective heat shock protein 70 (HSP70) [41] . In turn, the heat shock response is amplified and correlates well with improved lung injury. In the study of Matsui et al., it is proposed that the ability of 15d-PGJ 2 to block cytokine-induced iNOS in macrophages is associated with the expression of HSP70 [42] . Correspondingly, the duration and extent of NF-B activation corresponds with the severity of the inflammatory response, i.e., it persists longer in nonsurviving than in surviving patients with acute sepsis. In these studies, it has been suggested that PPAR modulates expression of inflammatory genes by transrepression. However, 15d-PGJ 2 has also been reported to alter NF-B activation directly, independent of PPAR in sepsis [43] . Straus et al. provided mechanistic evidence that 15d-PGJ 2 directly inhibits NF-B-dependent gene expression through covalent modifications of critical cysteine residues in IB kinase and the DNA-binding domains of NF-B subunits [44] .
Conversely, PPAR seems to play a pivotal role in the compensatory anti-inflammatory response syndrome. This describes the later phase in the course of sepsis, where the body responds with antiinflammatory cytokine production as well as a massive apoptosis of immune cells to diminish selfharmful effects [45, 46] . Hotchkiss and colleagues even showed that depletion of lymphocytes is the central pathogenic event during sepsis and contributes severely to a bad outcome of sepsis [45, 47, 48, 49, 50] . In mice, blocking T-cell apoptosis by overexpression of the antiapoptotic Bcl-2 protein [51, 52, 53] or by depletion of proapoptotic Bim [54, 55, 56, 57, 58] resulted in a higher survival rate compared to wild-type controls in response to the cecal ligation and puncture (CLP)-dependent polymicrobial sepsis. Previous results of our group showed that PPAR also induces apoptosis in T cells by a yet-unknown mechanism. When primary human T cells of septic patients are stimulated with PPAR agonists, they undergo apoptosis. In line, in these activated T cells, PPAR expression is increased. Moreover, the serum of sepsis patients provoked PPAR transactivation, suggesting that it contains a specific PPAR agonist whose nature has so far not been clarified [59, 60] . PPAR activation during the onset of sepsis, as an endogenous anti-inflammatory factor, is suggested to prevent sepsis progression by attenuating the hyperinflammatory response. During the later phase of sepsis, PPAR activation might enhance immune paralysis by contributing to T-cell apoptosis, thus worsening the septic outcome. Therefore, under these conditions, antagonizing PPAR might be more appropriate.
PPAR AND CANCER
In tumorigenesis, it has been controversially discussed whether the role of PPAR is pro-oncogenic or antineoplastic. Previous observations suggest a multifaceted and tissue-specific effect of PPAR. For colon cancer, it has been shown that PPAR retards the growth of cultured cell carcinomas or implanted tumors, whereas in colon epithelium, proliferation is favored. Tumor-restricted PPAR expression, as shown for colon, breast, and bladder cancer, modifies tumor development, prolonging survival, lowering mortality, and consequently accounting for a good prognosis. Indeed, more and more studies demonstrate a number of antineoplastic processes initiated by PPAR. In this line especially, its antiproliferative effects, such as arresting the cell cycle and causing cell differentiation, as well as inhibition of angiogenesis and induction of apoptosis, are discussed as possible antineoplastic mechanisms of PPAR.
In 2001, Patel et al. observed that PPAR induces expression of the phosphatase and tensin homolog on chromosome ten (PTEN) in MCF-7 breast carcinoma and CaCo 2 colon cancer cell lines, possibly by binding to two putative PPREs identified within the PTEN promoter [61] . As a result of up-regulated PTEN, Akt phosphorylation and concomitant cell proliferation was significantly reduced. Two other studies further confirmed this initial report [62, 63] . Moreover, in the latter, it was shown that PPAR-dependent PTEN expression can be blocked by estrogen receptor binding to the PPRE site of the PTEN promoter [63] . This cross-talk has to be carefully considered when new therapy approaches are developed.
Through the identification of genetically damaged cells, the tumor-suppressor protein p53 minimizes the risk of harmful mutations by either pausing the cell cycle for repair or eliminating the cell by apoptosis. p53 achieves many of its roles through induction of target genes, to arrest the cell cycle via p21(Cip1/WAF1) or to induce apoptosis via the proapoptotic Bax. Of particular significance in this line is the ability of PPAR to enhance p53 expression, by binding to the NF-B-responsive element, located in the promoter region of p53 [64] . However, in 2008, Zaytseva et al. demonstrated that down-regulation of PPAR suppresses cell growth and induces apoptosis in MCF-7 breast cancer cells [65] . Previous work showed that a distinct promoter regulates PPAR expression in MCF-7 cells, and that promoter switching causes differential PPAR expression between normal and cancer cells [66, 67] . Recently, the authors provided evidence that a knockdown of PPAR in MCF-7 cells blocks proliferation, decreasing cell transition from the G1 to the S phase. Since these studies were performed only in breast cancer cell lines, one may speculate that these observations are cell-type specific. PPAR has been shown to alter carcinogenesis in other tumors as well. A recent work by Yu et al. implicated an inhibitory role of PPAR in hepatocarcinogenesis [68] . In this case, an animal model was used to genetically ablate PPAR expression on one allele (PPAR +/-), which decreases PPAR expression, but is not lethal during embryogenesis like total PPAR knockout (PPAR -/-). Using a diethylnitrosamine (DEN)-induced hepatocarcinoma cell (HCC) model, the authors showed that activation of PPAR by rosiglitazone blocked tumor development in PPAR wild-type (PPAR +/+ ) littermates, whereas it did not alter tumor formation in PPAR +/-mice. To elucidate the underlying mechanism, the authors transduced the human hepatoma cell line Hep3B with a PPAR-expressing adenovirus. In these transduced cells, PPAR overexpression induced a G2/M arrest and apoptosis, mediated by extrinsic (Fas+TNF) and intrinsic (caspases 3, 7, 9, and PARP) pathways. Both, cell cycle arrest and cell death were additively enhanced in response to rosiglitazone-mediated PPAR activation. Moreover, PPAR overexpression induced expression of the growth differentiation factor-15 (GDF-15), which has been established to attenuate proliferation in other tumor systems as well [69, 70, 71] . These in vitro data were finally corroborated in the liver tissue of PPAR +/+ mice by immunohistochemistry. There, GDF-15 expression in response to rosiglitazone significantly increased compared to untreated control animals or rosiglitazone-stimulated heterozygous littermates. The authors conclude that PPAR functions as a tumor suppressor in hepatocarcinogenesis [68] .
In other studies, impairment of the intact PPAR permits tumorigenesis. In a subset of thyroid follicular carcinomas, a chromosomal translocation (t(2;3)(q13;p25)) results in the expression of a paired box gene-8 (PAX8)-PPAR fusion protein [72] . This fusion protein cannot be activated by agonists such as rosiglitazone and, thus, constitutes a dominant-negative protein. Overexpression of the PAX8/PPAR fusion protein stimulated the proliferation of primary human thyroid cells, suggesting that the PPAR moiety-dependent transactivation of this fusion protein is an essential component in its tumorigenic action [73, 74] . For other cancers, such as bladder cancer, it was shown that mutations block the formation and functionality of PPAR. Hence, heterodimerization with RXR and binding to the responsive element on the DNA is inhibited, impairing the induction of antitumorigenic activity.
Colon cancer cells that were exposed to PPAR exhibited a G1 cell cycle arrest and increased expression of the carcinoembryonic antigen. Moreover, activation of PPAR up-regulates cavedin-1, a tumor-suppressor protein. This was abrogated by treatment with the PPAR antagonist GW9662, showing that PPAR agonist-induced tumor suppression is specifically initiated by activation of the PPAR pathway. This was confirmed in a mouse model of human bladder cancer, where treatment with PPAR agonists significantly inhibited tumor growth [75] .
In human glioma cells, stimulation with ciglitazone or troglitazone resulted in a concentration-and time-dependent apoptotic cell death. Herein, ciglitazone-induced ROS generation and cell death were prevented by the antioxidant N-acetylcysteine, suggesting an important role of ROS generation for ciglitazone-induced apoptosis. Apoptosis could be inhibited by the PPAR antagonist GW9662 [76] . Thus, induction of PPAR-dependent apoptosis may be a promising therapeutic approach in cancer therapy.
Tumor development is associated with accumulation of genetic changes, which ultimately produce a pronounced inflammatory phenotype that is also aggressive in growth and relatively resistant to chemotherapy. Although acute inflammation is a necessary process aimed at protecting the organism after an injury, unresolved chronic inflammation may promote cancer formation by providing an appropriate environment for tumor growth [77, 78, 79] . Although mechanisms that link inflammation and cancer have only been studied rudimentarily, epidemiological studies show a convincing association between them [80, 81] . Thus, cytokines that are released in response to infection, inflammation, and immunity can function to inhibit tumor development and progression. Alternatively, cancer cells can respond to hostderived cytokines that promote growth, attenuate apoptosis, and facilitate invasion and metastasis. Proinflammatory cytokines implicated in carcinogenesis include IL-1, IL-6, IL-15, colony stimulating factor, TNF, and the macrophage migration inhibitory factor. In this context, tumor-associated macrophages (TAM) seem to be especially important. They display a phenotype similar to M2-polarized macrophages, which are characterized by the expression of anti-inflammatory cytokines such as IL-10 and proangiogenic factors, e.g., vascular endothelial growth factor (VEGF) [82] . By contributing to vascular supply and to vascular endothelial cell proliferation, they play a critical role in the maintenance and development of cancer. Fauconnet et al. showed that PPAR expression correlates with VEGF expression. This was verified by reporter gene experiments showing ligand-mediated PPAR-dependent VEGF transcription [83] . Macrophage polarization to the M2 phenotype has been linked in part to PPAR activation [84, 85, 86] , mainly attributed to its role in transrepressing proinflammatory gene expression. Recently, in a mouse model of progressing T lymphoma, M2 macrophages blocked cytotoxicity of CD8 + T lymphocytes (CTL) [87] . Stimulation of these M2 macrophages with PPAR agonists restored CTLdependent cytotoxicity towards tumor cells. Therefore, PPAR might be a new potential therapeutic target to abrogate macrophage-mediated CTL suppression in cancer. Additional support for a role of PPAR in macrophage-dependent attenuation of tumor development came from a study by Shah et al. The authors provide evidence that mice with a targeted disruption of PPAR in macrophages displayed an increased susceptibility to dextran sulfate sodium (DSS)-induced colitis compared to PPAR wild-type littermates [88] . The data suggest that PPAR regulates macrophage recruitment to inflammatory foci in the colon.
The role of PPAR in physiology and pathophysiology should be clarified, since this may increase our understanding of how cancer occurs and how it can be treated. While the identities of target genes that contribute to the antiproliferative activities of PPAR agonists remain largely elusive, accumulating evidence indicates that TZDs mediate PPAR-independent antitumor effects by targeting diverse signaling cascades governing proliferation and survival of cancer cells [89] . Several studies using PPAR-deficient mouse models support this assumption. PPAR deletion in hepatocytes in a hepatitis B virus transgenic mouse model did not alter hepatic carcinogenesis, but increased the TZD-mediated antitumorigenic effect when compared to PPAR wild-type mice [90] . Moreover, TZDs inhibited invasiveness of pancreatic cancer cells derived from human pancreatic adenocarcinomas via PPAR-independent mechanisms [91] . Although TZDs can attenuate tumor development or progression PPAR independently, many human cancer cells have been shown to exhibit high levels of PPAR. Exposure of these tumor cells to high doses of PPAR agonists provoked cell cycle arrest, apoptosis, and redifferentiation, suggesting a link between PPAR signaling and the antitumor activities of PPAR ligands. Energy balance, obesity, and lack of exercise are leading nongenetic predispositions that cause an increased tumor risk. PPAR could herein act as the potential link between energy balance, cellular metabolism, and cancer pathogenesis. However, the exact role of PPAR during carcinogenesis and tumor cell growth is still unclear.
PPAR AND ATHEROSCLEROSIS
Activation of PPAR is an important anti-inflammatory strategy during inflammation [17] . Originally, PPAR was described as a transcription factor belonging to the hormone receptor superfamiliy, localized in the nuclear membrane, regulating glucose and lipid metabolism [5] . Thus, a major role of PPAR in the pathogenesis of obesity, diabetes, and arteriosclerosis can be deviated [92] . The antidiabetic synthetic TZDs operate by specifically activating PPAR [93, 94] . These drugs enhance the effect of insulin and lower the level of serum glucose [95] . A recent review by Kaul et al. summarizes evidence from recent trials analyzing the long-term effect of TZD use. These data suggest that rosiglitazone is associated with an increased risk of cardiovascular events, and pioglitazone and rosiglitazone are associated with higher rates of heart failure [96] . PPAR activation by the TZDs results in an array of effects on traditional and nontraditional cardiovascular risk factors that are independent of their effects on glycemic control. These include, for example, reduction of intermedia thickness progression [97] and circulating platelet activity [98] , attenuation of PAI-1 expression [99] , inhibition of glycation [100] , increase in plasma adiponectin [101] , and reduction of CRP [102] , IL-6 [103] , and MMP-9 levels [104] . However, further trials are necessary to determine to which extent the different factors contribute to TZD-dependent cardiovascular alterations.
During atherogenesis, PPAR is expressed by activated monocytes and macrophages. As a first step, monocytes are attracted to the vessel wall of large arteries by activated endothelial cells. Having attached by binding to selectins and integrins, monocytes infiltrate into the subendothelial space, mostly following a chemokine gradient, e.g., IL-8, originating from the source of infection, where they differentiate to macrophages [105] . Already this step is altered in response to PPAR activation. Thus, troglitazone inhibited formation of early atherosclerotic lesions in low-density lipid receptor knockout (LDL-R -/-) mice by decreasing macrophage accumulation in the intima, consistent with the in vitro observation that rosiglitazone as well as troglitazone inhibited MCP-1-directed transendothelial migration of monocytes [106] . A study transplanting bone marrow derived from macrophage-specific PPAR knockout (M-PPAR -/-) mice into LDL-R -/-and control mice supported this observation. Macrophages derived from M-PPAR -/-showed increased migration and CC chemokine receptor 2 (CCR2) expression [107] , which is the receptor for MCP-1. In the intima, macrophages scavenge trapped lipoproteins, such as oxLDL, leading to the formation of so-called foam cells and subsequent activation of these lipid-laden macrophages [108] . This contributes to the established designation of arteriosclerosis as a chronic inflammatory disease [109] . However, the role of PPAR expression in these cells of monocytic origin is controversially discussed. Activation of PPAR enhances oxLDL uptake by up-regulating CD36 expression, a class B scavenger receptor, consequently fostering foam cell formation [110] . On the other hand, PPAR-dependent expression of the liver X receptor  (LXR) provokes a decrease of intracellular cholesterol accumulation. As a heterodimer in combination with the RXR, LXR induces expression of the ATPbinding cassette transporter A1 (ABCA1), causing lipid export from macrophages and thus counteracting foam cell generation [111] . Experiments using either PPAR-negative embryonic stem cells or macrophages from M-PPAR -/-mice support both of the described PPAR-dependent effects [112, 113] . As recently reviewed by Mosser and Edwards [114] , these differences might be attributed to macrophage plasticity. Macrophages are versatile immune cells that, depending on environmental stimuli, acquire diverse functional states. The extremes of this continuum are defined as the classically activated M1 and the alternatively activated M2 phenotype [115] . However, the alternative M2 definition does not satisfy and mirror the compelling evidence gathered over the last few years any more, since the M2 designation comprises macrophages with dramatic differences in their biochemistry and physiology [116] .
The M1 macrophage phenotype is established in response to stimuli, like the bacterial cell wall component LPS and IFN, released mainly by T H 1 cells. These activators are rapidly generated following infection or injury. M1 macrophages are characterized by an enhanced microbicidal capacity, elicited by proinflammatory mediator production such as TNF, IL-1β, IL-6, IL-12, NO, or ROS [117, 118] . Concerning the stimulation regime provoking M1 macrophage activation, one has to keep in mind that LPS treatment rapidly down-regulates PPAR after 6-15 h by miR27b-dependent mRNA destabilization [119] , followed by its up-regulation again at later time points [120, 121] . Support for this assumption came from Dos Santos Mendes et al., recently demonstrating that LPS stimulation of RAW 264.7 macrophages for 24 h transactivated PPAR, as observed by PPRE reporter analysis [122] . In analogy, we have shown PPAR DNA binding (EMSA) and transactivation (reporter assay) in response to LPS/IFN-treatment for 15 h, further underlining the notion of PPAR activation after prolonged LPS stimulation [123] .
Alternative activation of macrophages with, for example, glucocorticoids, IL-4, IL-13, or IL-10, induces an anti-inflammatory M2 phenotype, which is characterized by attenuated production of proinflammatory mediators, but enhanced secretion of anti-inflammatory mediators, such as IL-10, TGF-β1, and prostaglandin E 2 (PGE 2 ). The M2-type designation regroups several populations of macrophages with different biochemistry and function, like wound-healing (M2a), hybrid (M2b), and regulatory (M2c) macrophages [114, 124] . Concerning these different M2 macrophage subpopulations, PPAR activation primes monocytes for differentiation into alternative M2 macrophages with anti-inflammatory properties [84] . In their study Bouhlel et al. demonstrated that in human atherosclerotic lesions, the expression of M2 markers (AMAC-1, CD36, CD206, IL-10) and PPAR positively correlated. Interestingly, PPAR activation in resting primary human monocytes did not induce the M2 phenotype, whereas PPAR agonists being applied in combination with IL-4/IL-13 enhanced expression of M2 markers compared to controls treated only with IL-4/IL-13. In addition, M2 macrophages retain a high level of PPAR expression [85] . Because macrophages are plastic cells, they can switch from an activated M1 phenotype to M2, and vice versa, upon specific signals [125] . In 2000, Li et al. provided evidence that the PPAR agonists rosiglitazone and GW7845 strongly inhibited development of atherosclerosis in male LDL-R -/-mice [126] . The antiatherogenic effect in male mice correlated with impaired insulin sensitivity and decreased tissue expression of TNF. Using the apolipoprotein E knockout (ApoE -/-) mouse model, Chen et al. demonstrated a similar outcome in response to the TZD rosiglitazone, attenuating fatty streak formation and accordingly inhibiting atherosclerosis [127] . Studies elucidating the role of PPAR in advanced atherosclerotic lesions in LDL-R -/-mice found that TZDs cannot reverse, but block, atherosclerosis progression [128] or sometimes even enhance atherosclerosis by increasing macrophage apoptosis and plaque necrosis [129] . A gene therapy approach by a recombinant adenovirus carrying mouse PPAR cDNA provoking overexpression of PPAR in ApoE -/-mice already suffering from atherosclerosis attenuated atherosclerotic lesions and stabilized atherosclerotic plaques [130] . This study suggests that PPAR might offer a promising gene therapeutic target, improving atherosclerosis formation.
Taken together, the role of PPAR in atherosclerosis seems mainly atheroprotective. Therefore, therapeutic approaches might focus on prolonged PPAR activation or intervention with PPAR downregulation. However, one should keep in mind that a main reason for atherosclerosis progression is the formation of the necrotic core in the intima, whose onset might be, at least in part, triggered by desensitized macrophages that are unable to remove the accumulating cellular debris completely [131, 132] . Under these circumstances, activation of PPAR, enhancing an anti-inflammatory macrophages phenotype, might be even more deleterious. Therefore, further research is necessary to elucidate fully the time response of a provs. antiatherosclerotic role of PPAR during atherosclerosis progression.
Apart from the three mentioned diseases, PPAR is expressed in many other tissues/cells and, thus, is a possible therapeutic target in regulating other diseases. In part, preclinical studies using TZDs have been effective in several animal disease models. A brief overview is provided in Table 1 . Abbreviations: Ad, adenovirus; AIA, adjuvant-induced arthritis; CFA, complete Freund´s adjuvant; CI, ciglitazone; CIA, collageninduced arthritis; DSS, dextran sulfate sodium; GW, GW7845 ; ob/ob, leptin-deficient mice; PG, 15d-PGJ2; PI, pioglitazone; Ro, rosiglitazone; SB, SB219994; TDI, toluene diisocyanate; TNBS, 2,4,6-trinitrobenzene sulfonic acid; TR, troglitazone.
CONCLUDING REMARKS
It is hypothesized that the anti-inflammatory action of PPARs may explain the protective effects of these receptors in sepsis, atherosclerosis, cancer, and other inflammatory diseases (Fig. 2) . However, emerging evidence for proinflammatory activities of activated PPARs is arising in light of new studies that associate PPAR modulators with an increased incidence of both cardiovascular events in humans and sporadic formation of tumors in rodents. The antidiabetic TZDs are drugs that signal mainly via PPAR and are used in clinical practice. A series of mechanistic studies revealed that TZDs, at clinically relevant concentrations, also bind and activate the transcriptional activity of PPAR [34] . Collectively, these studies suggest that the observed proinflammatory and potentially deleterious effect of PPAR ligands may be mediated through an off-target effect on PPAR. These studies highlight the need for PPAR modulators with increased receptor subtype specificity. Furthermore, they suggest that differences in systemic exposure and, consequently, in the activation of PPAR and PPAR may explain why TZDs can exhibit both inflammatory and anti-inflammatory activities in humans [150] . Although their supposed carcinogenic or toxic effects have to be monitored carefully, PPARs are important therapeutic targets. Many valuable approaches are now under consideration. Cell type-or tissue-specific PPAR knockout mice, or humanized mice carrying the human PPAR gene, will help to improve the understanding of the various actions of PPAR in major diseases. In addition, the development of selective PPAR modulators (SPPARMs), rather than PPAR full agonists, which retain most of the benefits while reducing the adverse effects of PPAR activation, is a promising approach. Moreover, antagonizing PPAR might also be of therapeutic importance. For example, this might improve sepsis outcome by attenuating T-cell depletion, thus preventing immune paralysis. Dependent on the respective tumor type, PPAR activation or antagonization might block tumor development and progression. Finally, there is a similar picture in atherosclerosis. In the initial phase, PPAR activation might prevent inflammatory conditions in the vessel and/or intima, which will significantly delay/retard plaque formation. At a later point of time, antagonizing PPAR might be more attractive in order to avoid deficient removal of apoptotic debris. For all these reasons, PPAR is certainly a useful therapeutic target to be explored further in the context of major diseases, such as sepsis, cancer, and atherosclerosis [79] . Klotz, L., Burgdorf, S., Dani, I., Saijo, K., Flossdorf, J., Hucke, S., Alferink, J., Nowak, N., Beyer, M., Mayer, G., Langhans, B., Klockgether, T., Waisman, A., Eberl, G., Schultze, J., Famulok, M., Kolanus, W., Glass, C., Kurts, C., and Knolle, P.A. 
